Wind energy has been growing steadily in the U.S. and worldwide in the past decades. As wind farms are projected to increase in size and number, however, concerns are rising about possible undesirable effects of wind turbines near the Earth's surface. The literature is highly divided about what these effects could be, including warming, cooling, both, or neither. Only one mechanism, however, has been widely accepted (but never tested) to explain how wind turbines affect the lower boundary layer, namely that turbulence generated in wind turbine wakes enhances vertical mixing near the ground. Wakes are plume-like volumes downwind of wind turbines that are characterised by lower wind speeds and higher turbulent kinetic energy (TKE) than the undisturbed upwind flow. The few observational campaigns that have measured changes in near-surface properties by wind turbines have not provided an answer with respect to vertical mixing near the ground. To fill this knowledge gap, the VER-TEX (VERTical Enhanced miXing) measurement campaign was conducted in August-October 2016 near a large wind turbine in coastal Delaware, using 15 surface flux towers, a 50-m meteorological tower, a radiometer, and two scanning lidars. During VERTEX, lidar scans and a wake detection algorithm were used to detect wake events and identify which sites were affected by the wake of the wind turbine. TKE, momentum and heat fluxes near the ground were compared between the sites below the wake and those outside of it. Preliminary findings based on two case studies (30 August and 20 September 2016) suggest a lack of enhancement of vertical mixing near the ground.
Introduction and motivation
Wind is one of the few renewable energy sources that is abundant enough to possibly provide large fractions of the electricity needed by humans [1, 2] . It is also one of the cheapest sources of renewable energy, with generation costs comparable with those from other fossil CONTACT Cristina L. Archer carcher@udel.edu Interdisciplinary Science and Engineering Laboratory #371, University of Delaware, 221 Academy St., Newark, DE, USA fuels, such as natural gas and even coal in some cases [3] . Not surprisingly, wind power harvesting has been growing steadily in the past decade worldwide and in the U.S. [4] . Since wind turbines extract kinetic energy from the atmosphere and convert it to electricity, it is legitimate to wonder if this extraction can have any undesirable effects in the lower atmospheric boundary layer, especially on near-surface temperature.
The generally-accepted mechanism by which wind turbines affect the lower boundary layer is that 'turbulence generated in the wake of the rotors can enhance vertical mixing that significantly affects the vertical distribution of temperature and humidity as well as surface sensible and latent heat fluxes', first proposed by Baidya Roy et al. [5] . Wakes are plume-like volumes downwind of turbines that are characterised by lower wind speeds and higher turbulence than the undisturbed upwind flow. Because turbulent eddies mix properties and diffuse gradients, it is reasonable to expect enhanced vertical mixing within the wakes (although not necessarily all the way to the ground, as will be explained in more detail later). Baidya Roy et al. [5] arrived at this conclusion after conducting runs with the model Regional Atmospheric Modeling System (RAMS) in which wind turbines were represented as elevated sinks of kinetic energy and sources of turbulent kinetic energy (TKE) within 100-m thick grid cells. Simulations were conducted over a hypothetical, large wind farm of 100 km × 100 km in the U.S. Great Plains for 15 days in July 1995. Some of their findings supported the enhanced vertical mixing mechanism, but only partially. For example, at night enhanced vertical mixing should bring warmer air down towards the surface, thus raising surface temperature and intensifying downward heat flux. Nighttime surface temperatures and downward heat fluxes were found to be higher with turbines than without, but only during 6 nights (all of which had high winds and possibly strong wakes) out of 15, and were unchanged during the remaining 9 nights (only 2 of which had weak winds and possibly weak wakes).
Enhanced vertical mixing near the surface by wind turbines has been widely accepted in the literature since 2004:
In a stable atmosphere [··· ] , enhanced vertical mixing mixes warm air down and cold air up, leading to a warming near the surface. In an unstable atmosphere [··· ] , turbulent wakes mix cool air down and warm air up, producing a cooling near the surface, [6] or 'Increased turbulence generation [by wind turbines will··· ] promote increased mechanical mixing in the boundary layer' [7] , or 'The increased turbulent mixing of the atmosphere from wind power extraction is also associated with changes [··· ] near the surface' [8] , or 'turbine operation increased vertical mixing and turbulence' [9] .
Because it is related to turbulence, enhanced vertical mixing can manifest either as additional TKE, which is half of the trace of the Reynolds stress tensor, or as an increase in the magnitude of the vertical turbulent fluxes of horizontal momentum (u w and v w ), where the bar (·) indicates a temporal average over a time interval t and the prime (·) indicates a turbulent fluctuation around the mean. These three quantities -TKE, u w , and v wwill be used in this study to characterise vertical mixing.
The 1989 San Gorgonio field campaign
A measurement campaign was conducted by researchers of the National Renewable Energy Laboratory for the 8-week period June 18-August 9, 1989, at one of the then-largest wind farms in the world, San Gorgonio near Palm Springs (California). The San Gorgonio campaign suggested temperature effects that were, in appearance, consistent with enhanced vertical mixing [5, 6] . Near-surface (at 5 m) and aloft (at 50 m) temperatures were measured at two meteorological towers, one upwind and the other downwind of the wind farm (Figure 1(a) ). The 8-week averages of near-surface temperature data downwind of the farm showed strong (up to 4 • C) and statistically significant ( > 99% confidence) cooling during the daytime and modest ( < 0.5 • C) warming at night, which was statistically significant at a lower confidence level (90-95%) and only during a few hours (Figure 2 (a) and Table 1 in [6] ). They concluded that the data supported their theory that wind turbines caused enhanced vertical mixing near the surface because:
In a stable atmosphere when the lapse rate is positive, i.e. a warm layer overlies a cool layer, enhanced vertical mixing mixes warm air down and cold air up, leading to a warming near the surface. In an unstable atmosphere with negative lapse rate, i.e. cool air lying over warmer air, turbulent wakes mix cool air down and warm air up, producing a cooling near the surface.
Although this reasoning is valid in principle, in practice it cannot explain such a large cooling during the day because in the desert during the summer the air that was supposedly mixed down from the 50-m level was only at most 2 • C cooler that the air at 5 m, thus not cool enough to lower the temperature by 2-4 • C (their Figure 2(b) ). Vice versa at night, enhanced mixing from the turbines should warm the surface air more than observed (as the air mixed down from 50 m is ∼ 0.8 • C warmer than at 5 m from their Figure 2 (b), plus adiabatic warming would contribute an additional ∼ 0.5 • C, which would cause a total warming greater than the observed 0-0.5 • C).
An explanation for the surface air temperature patterns observed at San Gorgonio is somewhat obvious after looking at Figure 1 . Aquifer-recharging ponds, oriented approximately from north to south, separate rows of wind turbines, as shown also in Figure 1 of [10] . Nowhere else in this desert region can such a large area that is inundated with water be found. The upwind tower experiences the dry, warm, northwesterly winds that are typical of the region. As it traverses the farm during the day, the northwesterly wind carries with it air that is moist and cooler because of evaporative cooling from the ponds. The air that eventually hits the downwind tower is thus moister and cooler than the air upwind. Vice versa at night, since the moist surfaces of the ponds cool down slower than the dry surfaces upwind, the air is warmer downwind than upwind. The presence of these ponds alone likely dominates any other mixing mechanisms and explains the observed temperature patterns better than vertical mixing.
Evidence of the daytime cooling effect of the water ponds at the San Gorgonio wind farm can be found in [10] , who used thermal information from the Landsat 4-5 TM satellites. Although they attributed the west-to-east positive gradient of temperature in the region to the wind farm, rather than to the well-known synoptic conditions, they actually found that the San Gorgonio water ponds are cooler than the surroundings in the morning ( ∼ 10AM LT) in the summer (their Figure 2) , with land surface temperatures that are up to 25 • C cooler than the surrounding areas during years with large recharge flow. The water level in the ponds varies with the season and local precipitation and it is generally low in the summer. In the summer of 1989, some of the aquifer-recharging ponds were not completely empty because raw images from Landsat 4-5 TM (http://glovis.usgs.gov) show alternating bands of lighter and darker strips in the visible bands (1-3) ; the entire farm was also cooler than its surroundings because it appears as a dark area in the near-infrared and thermal bands (4 and 6, not shown).
The 1989 measurement campaign at San Gorgonio neither confirms nor denies the vertical mixing effects of wind turbines on local surface air temperature, because of the dominant water effects from the aquifer-recharging ponds. Although potentially valuable, it is recommended that the 1989 San Gorgonio field campaign not be used in the future in relation with wind turbine effects on near-surface atmospheric properties.
The CWEX 2010 and 2011 field campaigns
Two recent field campaigns, the Crop Wind Energy Experiment (CWEX) in 2010 and 2011, were conducted in Iowa to investigate wake effects at various distances (near, intermediate, and far) from wind turbines that were built in an agricultural field [11] . Some findings of the CWEX campaigns were consistent with enhanced vertical mixing. For example, during stable conditions, below the bottom-tip of the turbine rotor they found increased TKE, warming, and enhanced negative (i.e. more downward) heat fluxes, all of which are consistent with enhanced vertical mixing. However, they did not find statistically significant evidence for increased TKE in the intermediate and far wakes during either unstable or neutral conditions (their Table 3 ); rather, they observed a reduction in TKE downwind during unstable and neutral conditions, although not statistically significant. The difference between a meteorological property (e.g. temperature) measured downwind in the wake minus that measured upwind of a row of turbines can be attributed to the turbines themselves only if no other factors can cause that difference. Recognising that the atmosphere is complex and many processes are at play at the same time, it is practically impossible to design a field campaign in such as way as to ensure that only one factor changes between different experiments. In CWEX the reference 'No-Wake' differences between upwind and downwind sensors were measured under westerly wind directions, which, however, occurred in different days, times, wind speed, shear, moisture, and turbulence intensity from the southerly and southwesterly 'Wake' conditions. This was not an issue in the near-wake region (at site NLAE2), because [12] showed that changes in friction velocity and heat fluxes during westerly conditions were statistically equivalent to changes during southerly and southwesterly winds with the turbines shut off, thus in the absence of any wakes.
Satellite-based land surface temperatures in Texas and Iowa
Satellite-derived land surface temperatures in the proximity of wind farms in Texas were studied by Zhou et al. [13] over the period 2003-2011, during which several wind farms were added to the region. Although not equivalent to surface air temperatures, land surface temperatures are linked to surface air temperatures, as the two are always expected to vary concurrently. They found a warming signal ( > 0.5 • C) in nocturnal temperatures, in both summer and winter, over pixels with wind farms (their Figure 2) . This is consistent with the enhanced vertical mixing mechanism. However, warming was also observed during the day in both seasons, although weaker and less spatially coherent than that at night (their Figures S4 and S5 ). If enhanced vertical mixing is the dominant factor, this weak diurnal warming simply cannot be explained by it because cooling would be expected instead. Although the spatial resolution (1 km) and areal coverage of the MODIS satellite-derived land surface temperature are adequate, the temporal resolution is coarse (a retrieval every one to two days, at 10:30 or 22:30 local time for Terra and 1:30 or 13:30 from Aqua) and limited to cloud-free conditions only. Their study suggests that, although enhanced vertical mixing cannot explain all the observed trends satisfactorily, it is more likely to occur under stable conditions (at night). Harris et al. [14] conducted a similar study with MODIS satellite data focused on five wind farms in Iowa and found warming at night in the proximity of the farms, especially in the summer, but not in the winter.
Numerical studies
The interactions between wind turbines and the air flow cannot be directly resolved at the spatial scales of mesoscale and climate models and therefore parameterizations are introduced to represent the effects of the turbines, without actually replicating the exact mechanisms behind such effects. In the first numerical studies on this topic, wind turbines were parameterised as surface elements that increased either the surface roughness [15] [16] [17] [18] or the surface drag [8] . However, subsequent studies [2, 19] showed that treating wind farms as surface elements is fundamentally incorrect and more advanced treatments have been proposed since then. Wind turbines are now generally represented as elevated momentum sinks [2, 20] or as elevated momentum sinks accompanied by increased turbulence [5, 7, [21] [22] [23] . None of these studies can be used to draw conclusions about vertical mixing near the ground because: they do not resolve the dynamics of the wakes, just their effects; they all lack sufficient spatial resolution, especially in the vertical below the rotor; and the latter inject too much TKE in the boundary layer [24] .
Studies based on Large-Eddy Simulation (LES), a numerical technique that resolves fine details of the unsteady turbulent atmospheric flow around turbines and models the effects of sub-grid scale eddies [25] , found warming below the turbine rotor under stable conditions [26] , which is consistent with enhanced vertical mixing, but also in unstable conditions [27] , which is not. Calaf et al. [28, 29] showed reduced wind speed near the surface (Figure 2 in [29] ) and reduced shear stresses below the rotor area ( Figure 3 in [28] and Figure 4 in [29] ) in an infinitely-long wind farm simulated via LES under neutral conditions. Similarly, [26] showed reduced momentum and buoyancy fluxes (their Figure 19 ) in an infinitely-long wind farm under stable conditions.
Wind tunnel measurements also do not support the hypothesis that wind turbines enhance vertical mixing near the ground, at least for neutral stability. The boundary layer wind tunnel tests at the Saint Anthony Falls Laboratory of the University of Minnesota [30] [31] [32] showed that TKE near the ground was either unaffected or reduced past a miniature wind turbine. Their observations were well reproduced with the LES model WiTTS (Wind Turbine and Turbulence Simulator) by Xie and Archer [33] under neutral stability (their Figure 8) . Similarly, in an experiment conducted in the wind tunnel at Iowa State University [34] , a series of vertical profiles of turbulence intensity measured before and past a miniature wind turbine showed a strong reduction of turbulence intensity near the ground (their Figure 8) , especially when the incoming wind was characterised by low turbulence.
The proposed hypothesis: vertical mixing near the ground is not enhanced by wind turbines
The hypothesis of enhanced vertical mixing near the ground has never been questioned in the scientific literature. The research hypothesis proposed here is that vertical mixing near the ground is not enhanced by a wind turbine in general, because in most cases either the wake remains elevated or the wake hits the ground at a distance from the turbine far enough that there is too little or no added TKE to cause a noticeable effect at the ground. Although several lidar studies have shown that wakes remain elevated [35] [36] [37] [38] [39] , exceptions may occur at times, for example when local instabilities or downdrafts cause the wake to hit the ground in the near-wake region. Such an example was shown by Banta et al. [40] , who captured by lidar a wake hitting the ground within a distance of 2D downstream of the turbine. This case would imply a wake width expansion rate dD/dx = 1.0, which is extremely high. By comparison, typical expansion rates are 0.08 and 0.15 for offshore and onshore, respectively [41] [42] [43] [44] . As such, in most cases, a wind turbine causes reduced or unchanged, rather than enhanced, vertical mixing near the ground. Note that enhanced vertical mixing does occur in the elevated wake, especially in the upper parts near the top-tips of the blades.
The hypothesis that wind turbines are more likely to reduce, rather than enhance, vertical mixing near the Earth's surface may appear counter-intuitive. Its simplest explanation, however, lays in the wind shear profiles upwind versus downwind of a wind turbine. Upwind of a turbine the flow is undisturbed, the wind speed profile is close to logarithmic, and the wind shear is largest near the ground (Figure 2 , blue line). The wind turbine blades extract kinetic energy from the flow and cause a wind speed deficit between the top-tip and the bottom-tip of the blades (i.e. over the rotor area). Because of the lower speeds within the rotor area ( Figure 2 , red line), momentum fluxes become more negative (downward) at the top of the wake (point A), but positive (upward) at the bottom of the wake (point B). The latter upward momentum flux actually 'sucks in' higher momentum from the region below the wake into the wake. As a consequence, wind shear is reduced in the region below the wake, as shown for example in Figure 2 of [36] . In this same region but upwind, however, wind shear is stronger. Reduced wind shear below the wake (point C) means reduced TKE production, momentum fluxes, vertical mixing, and wind speeds. Very close to the ground, the wind profile may actually remain unaffected by the turbine. In the far wake, the wind speed deficit is replenished by momentum from aloft and laterally and then eventually the wind profile returns to its ambient profile, or close to it.
The hypothesis will be tested via a field campaign, VERTEX for VERTical Enhanced miXing, targeting surface fluxes in the wake of a wind turbine specifically, as discussed in the next section. Understanding what happens below a single-turbine wake is a relatively simple, yet fundamental, first step to study the complex effects of wind turbine wakes. A subsequent modelling effort, inclusive of fine-scale large-eddy simulations, will follow this observational paper to help the interpretation of the results for a single turbine and to properly incorporate all the factors affecting a single wake from VERTEX. Next, to explore the effects of multi-turbine wind farms on near-ground properties, the simulations will include several turbines in such a way as to capture overlapping wakes, with the ultimate goal of developing a coherent theory of the effects of wind turbines on temperature and moisture that explains the observed patterns. After introducing the motivation for the VERTEX campaign, this paper will present the field campaign design and layout (Section 2), and discuss a few wake events that support the hypothesis that enhanced vertical mixing does not occur in the wake of a wind turbine (Section 4). All data collected during VERTEX are available at https://data.eol.ucar.edu/project/VERTEX.
The VERTEX field campaign
The VERTEX campaign was conducted in Lewes (Delaware) in late summer 2016, at the 62-acre satellite campus of the University of Delaware (UD). Thanks to a successful partnership between UD and Gamesa, a wind turbine manufacturing company (now called Siemens Gamesa Renewable Energy), a 2-MW G90 wind turbine (with diameter D = 90 m and hub height H = 80 m) was built on state land adjacent to the Lewes campus in 2010. The UD/Gamesa turbine produces enough electricity (on a yearly basis) to power the entire satellite campus, with excess power sold to the city of Lewes. Details about the UD/Gamesa turbine, including real-time information about its electricity generation, are available online at http://www.ceoe.udel.edu/lewesturbine/index.shtml. This is an ideal location for the proposed campaign for several reasons. First, the UD/Gamesa turbine is surrounded in most directions by a natural and homogeneous marsh, the Great Marsh; it is relatively isolated; and yet it is easily accessible and close to all the services of the UD campus ( Figure 3 ). Second, a single-turbine site, as opposed to a multi-turbine wind farm, is ideal for the following reasons: to avoid overlapping wakes from multiple turbines; to avoid non-homogeneity effects from terrain, crop types, and layout differences within a farm; and, more importantly, to properly detect the presence/absence and extent of the wake. The basic approach to measure wake-induced changes in VERTEX is not 'Downwind' minus 'Upwind', as was done in CWEX, but rather 'Wake' minus 'No-Wake'. The effect of the wake will be quantified as the difference between, say, TKE measured by a sensor underneath the wake and TKE measured at another sensor located nearby at the same radial distance from the turbine but outside of the wake, laterally. The difference in TKE ( TKE) between the two sensors will presumably spike up when the wake hits the first sensor. If no statistically significant spikes are found during the entire campaign when the wake is over the first sensor, then it can be concluded that the wake has no effect on that property for that radial distance from the turbine.
VERTEX was conducted for approximately two months between August 26 and November 1, 2016, because this late summer, early autumn period is characterised by the highest frequency of northeasterly winds ( Figure 4 ) and wind speeds are the most likely to reach the rated wind speed of the UD/Gamesa turbine, i.e. 14 m s −1 . Wind directions between 0 • and 90 • are the most favourable as they cause the wake of the UD/Gamesa turbine to be directly over the marsh (Figure 3 ). The weather during VERTEX was somewhat atypical, with a hurricane (Matthew) and a tropical storm (Hermine) hitting the coast and causing higher than usual winds for a few consecutive days, during which the UD/Gamesa turbine was shut down, but with relatively weak winds and warm weather for the rest of the time.
Surface flux towers, a radiometer, lidars, and a 50-m meteorological tower were deployed during VERTEX, as described next. 
Surface flux towers
Fifteen surface flux towers were installed in the Great Marsh to the southwest of the UD/Gamesa turbine (Figure 3 ), each equipped with 3-m and 10-m sonic anemometers and 2.5-m temperature and relative humidity sensors ( Table 1 ). The placement of the surface Note: The elevation angles of the lidars used for the wake detection are in bold.
flux stations aimed at sampling three wake regions downwind of a wind turbine: the closewake (at a distance of 3-5D from the turbine); the mid-wake (5-10D); and the distant-wake ( > 10D). If possible, 3-4 stations were placed in each of these three regions. To maximise the signal-to-noise ratio, the surface flux towers were placed in such a way that only one at a time would be underneath the wake for each of the three wake regions (i.e. close-, mid-, and distant-wake), by spacing them at lateral distances greater than the expected width of the wake at that radius ( > 2D). The 15 surface flux stations are named S1-S15, with S1 being the closest to the turbine ( Figure 5 ) and S15 the farthest, and their coordinates and distances from the turbine are listed in Table 2 . For each surface flux station, the direction of perfect alignment with the turbine is the expected 'Wake' direction, although the determination of whether a site was under the wake or not was ultimately done by eye using the lidar scans together with a wake detection algorithm, as described in Section 2.3. Additional instrumentation was installed at the reference station S15, including soil properties and radiation.
Meteorological tower
A 50-m guyed meteorological tower, named SED tower, located less than 200 m from the UD/Gamesa turbine (Figure 3 ), was equipped with new instrumentation on 2.5-m booms at 10, 25, 33, 42, and 49 m (Table 1) , oriented approximately southwest-northeast (245 • ), with sonics on the southwestern boom (away from the turbine, thus downwind during the VERTEX cases) and temperature and relative humidity sensors on the northeastern boom (towards the turbine, thus upwind during the VERTEX cases). The flow distortion by the tubular tower is expected to be minimal given that the boom length is approximately 7 times the diameter of the tower [45] . The SED tower served multiple purposes: (1) to provide information about the mean vertical wind, wind shear, and temperature profiles; (2) to infer the position of the wake centreline using wind direction measured at the highest boom (49 m); and (3) to validate and calibrate the lidar measurements. It was permanently dismantled at the end of VERTEX due to excessive rust on the guy-wires.
Lidars
Doppler wind lidar (Light Detection and Ranging) is a remote sensing technology that has been used reliably to measure winds in the boundary layer [46] [47] [48] [49] [50] [51] and to characterise the wakes produced by wind turbines [36, [38] [39] [40] [52] [53] [54] [55] [56] . Aerosol particles in the atmosphere act as tracers of the wind flow. A Doppler lidar measures the range-resolved radial wind velocity by evaluating the Doppler shift along the laser beam emitted into the atmosphere and backscattered because of the presence of aerosols. Either the azimuth or the elevation angle of the laser can be varied during a lidar scan. In Range Height Indicator (RHI) mode, the azimuth angle is kept constant and the elevation angle is changed, which produces vertical slices of the atmosphere along a fixed azimuth. In Plan Position Indicator (PPI) mode, the elevation angle is kept constant and the azimuth angle is varied, which produces horizontal slices at fixed elevations. If both azimuth and elevation angles are kept fixed, with the laser pointing upward, then vertical profiles of the vertical wind component are generated. Doppler lidar data can be used directly or indirectly to estimate relevant atmospheric parameters, such as wind velocity variance, vertical momentum flux, and TKE dissipation rates [35, [57] [58] [59] [60] [61] [62] [63] [64] . Whereas a single lidar can obtain the component of wind velocity along the beam, deployment of two Doppler lidars allows for the measurement of two components of the horizontal mean wind vector at the same point in space from different directions [47, [65] [66] [67] . Triple Doppler wind lidar [64, 68, 69] , while ideal to measure the three orthogonal wind components at a single point simultaneously to avoid assumptions concerning flow continuity [68] , was not possible during this campaign.
In VERTEX, two Leosphere Windcube Doppler lidars (Table 1) were utilised, the first (L1, model 200s) placed by the Coast Guard building to scan the wake from the north and the second (L2, 100S) by the dock to the south of the UD/Gamesa turbine ( Figure 3) . The Windcube is an eye-safe, 1.5-μm scanning Doppler lidar that operates at 100μJ per pulse and at a repetition rate of 10 kHz.
The range resolution was 25 m, with the first measurement point at a distance of 100 m from the lidar location and a maximum range of 2.5 km. To ensure proper orientation of the lidars relative to the true north, 'hard target' scans were performed, consisting of narrow PPI and RHI scans in the general direction of the turbine. The observed location of the hard target return, together with the known GPS coordinates of the lidar and the turbine, allow determination of the lidar's orientation from true north. Both lidars were configured to operate with the same signal processing settings and all volume scans used a range gate size of 25 m and 5000 pulse average (0.5 s pulse integration time). Daily characterisation of the accuracy of the wind measurements of the Doppler wind lidars was carried out by orienting the lidar laser beam to the location/heights of the anemometers of the SED meteorological tower.
Each lidar was configured to perform a series of sequential RHI and PPI scans that were repeated every 30 minutes to monitor the wake flow, with one-second integration time at a repetition rate of 10 kHz. A total of 34 RHI were performed within a sequence between the surface and an elevation angle of 15 • (ascending and descending, with a sampling time of ∼ 10 seconds each), with the azimuth angle changed every 6 • (Table 1) . Ten PPI scans were taken at elevation angles between 2.6 and 14.4 • , every 1.5 • during the same sequence (Table 1) , with a sampling time of ∼ 2 minutes each. Simultaneous RHI scans over the vertical plane of the wind turbine allow to observe the heterogeneity of both the up-and down-stream atmospheric boundary flow in the wind turbine (velocity deficit associated with turbine blade rotation). The scanning strategy was designed to avoid data contamination from the hard target returns, which affects the range gate in which the wind flow is located and adjacent ones, and would bias dual-Doppler retrievals [35, 40] .
Radiometer
Vertical profiles of temperature and relative humidity were obtained from a Radiometrics MP-3000A microwave radiometer located 450 m from the UD/Gamesa turbine ( Figure 3) . The radiometer measured microwave emission at 22-30 GHz (water vapour absorption band) and 51-59 GHz (oxygen absorption band). A zenith-pointing antenna yielded a ∼ 6 • (22-30 GHz) and ∼ 3 • (51-59 GHz) beam sampling width. Observations were integrated over 0.2 s, leading to a temperature resolution of 0.25 K. Measurements were taken every minute at zenith and at an elevation angle of 15 • above the ground, with the instrument pointing towards the east and the west. Vertical profiles of temperature and relative humidity were derived using a neural network algorithm [70, 71] . The algorithm, based on a radiative transfer model [72] , was trained on a 5-year radiosonde climatology from the Howard University Beltsville Research Campus (Beltsville, MD) sounding archive. The temperature and moisture profiles range from the surface to 10 km with a variable vertical resolution: 50 m from surface to 0.5 km, 100 m from 0.5 to 2 km, and 250 m from 2 to 10 km (Table 1) . Calibration of the radiometers was performed before VERTEX using an external liquid nitrogen target and an internal ambient target [73] . Due to a malfunctioning of the computer mother board, the radiometer was only operational for a portion of VERTEX (August 26 to October 9).
Methods

Data cleaning and averaging procedures
The data quality control protocols for VERTEX were those utilised by the Earth Observing Laboratory (EOL) of the National Center for Atmospheric Research (NCAR) for their previous field campaigns. A brief summary with links to additional information is presented here and more details are available at https://www.eol.ucar.edu/content/vertexisfs-data-report.
The first data cleaning item was the correction for the tilt of the sonic anemometers. For accurate measurements of vertical velocity w and its fluctuations w , even a slight misalignment of the sonic anemometer with respect to the vertical, for example due to boom drooping, would lead to a non-zero mean of w and hence to incorrect second-order statistics, such as vertical momentum and heat fluxes. In VERTEX, the sonic tilt was corrected following guidelines at https://www.eol.ucar.edu/node/1951, which are based on [74] . Examples of the VERTEX tilt corrections are available at https://www.eol.ucar.edu/isf/projects/VERTEX/isfs/qcdata/. The maximum tilt calculated was 1.8 • and the maximum bias in w was 0.04 m s −1 , which are typical for this type of deployment.
Rainfall during the VERTEX campaign caused erroneous sonic anemometer measurements for extended periods. These errors were not completely flagged by the anemometers' internal data quality algorithm. Data were therefore removed whenever the reported anemometer virtual temperature differed by more than 2 • C from the median of the slow-response temperature sensors at nearly the same height.
To obtain sensible and latent heat fluxes from sonic anemometer measurements of vertical velocity w and sonic temperature T s at the S1-S15 sites, fast-response hygrometer measurements of water vapour density from site S15 were used. The main issue is that a sonic anemometer measures the speed of sound T s , inclusive of the effect of water vapour, and it is therefore closer to virtual temperature than true temperature [75, 76] . The removal of the effect of moisture is described at https://www.eol.ucar.edu/node/1941, based on a suite of past studies [75] [76] [77] [78] [79] [80] [81] [82] [83] .
All data are stored as five-minute averages. When longer time averages are needed, like the calculation of momentum and heat fluxes inclusive of low-frequency signals [84] [85] [86] , the following method is used (from https://www.eol.ucar.edu/content/combining-shortterm-moments-longer-time-periods):
where T is the longer averaging time period (e.g. T = 15 minutes), T n is the n th shorter averaging period (e.g. T n = 5 minutes), M is the number of shorter averaging periods within the longer averaging period (e.g. M = 15/5 = 3 so that T = M × T n ), N n is the number of raw observations taken during T n (e.g. N n = 20 Hz × 60 ×5 = 6000 if no missing values), and x,y are two measured properties (e.g. w and v) with averages X,Y and fluctuations x , y over the specified time period.
Wake detection
After the two months of continuous, high-frequency measurements at VERTEX, a massive amount of data were collected. Post-processing and data cleaning are complete, but analyses are still ongoing. The combining of the two lidars to obtain two-dimensional wind fields will be completed at a later time, thus the focus in this paper is on the Windcube 200S lidar only (L1). A total of 30,802 PPI scans were collected at all azimuths and elevations angles. Based on the SED tower's anemometer at 49 m (or the next level, 42 m, if the 49-m value was missing), only scans performed when winds were from the northeasterly sector (0-90 • ) and with speeds greater than 5 m s −1 (slightly above the cut-in wind speed of the G90 turbine to ensure that a wake would form, although short and weak) were retained as potential wake cases. Because the wake centreline generally remains at an altitude around the hub height (80 m in this case), only the lowest three elevation angles of the lidar (2.6 • , 4.1 • , 5.6 • ) could intercept it and therefore were retained, for a total of 571 PPI scans covering approximately 17 wake events. Next, these raw images were processed with thresholds for signal-to-noise ratio (−32 dB) and for radial wind speed ( > 5 m s −1 to emphasise the wake deficit). The wake detection algorithm used in VERTEX was that proposed by Wang and Barthelmie [87] , briefly summarised here. First the radial wind speed measured from the lidar V r is converted to horizontal wind speed V h as follows (assuming small vertical velocity and small elevation angle of the lidar):
where α and β are the azimuth and elevation angles of the lidar and θ is the wind direction measured at the 49-m level of the SED tower (or at 42 m if the 49-m value was missing). A 15D(streamwise)×5D(spanwise) region is then defined downstream of the wind turbine with a resolution of 0.2D streamwise and 0.02D spanwise, for a total of 75×250 points. The horizontal wind speed at each point inside this region is interpolated using a weighted average of the wind speeds within a radius of 2D from each point; if wind speeds within a radius of D/2 are all missing, then the point is considered a missing value. At each streamwise interval, the mean of the 5 highest wind speeds among the 250 spanwise points is treated as the free stream wind speed and the wake centre is located at the point with the lowest wind speed. Because spurious streaks of low wind speeds can form in the marsh, unrelated to the turbine wake, the algorithm was corrected to prevent the wake centre from shifting by more than 0.2D spanwise from the previous upstream location. The wake edge is defined by the two locations at each side of the wake centre at which the wind speed deficit is 50% of the maximum deficit in the centre (also known as the full width at half maximum). Visual inspection of the lidar scans was necessary to confirm that the wake detection algorithm properly identified which surface flux station was clearly under the wake and which accompanying station was nearby but not under the wake. In most cases, only one site was under the wake and rarely two; rather often the wake missed the VERTEX sites altogether.
Atmospheric stability was determined qualitatively by looking at the sign and magnitude of the local surface sensible heat flux w T at flux station S13, which was never affected by the wake. In general, at nighttime the sensible heat flux is negative as heat is transferred from the air above to the ground, so the atmosphere near ground is stable. In the daytime, heat is transferred from the ground to the air above, so the sensible heat flux is positive and the atmosphere near the ground is unstable. If the magnitude of sensible heat flux is zero or very small, the near-ground atmosphere is considered to be under neutral stability. In VERTEX, at sunrise and sunset, there was often a shift in the sign of the sensible heat flux, but at times the magnitude of the sensible heat flux was so small that the atmosphere was considered to be neutral even though there was a sign change.
Wake events during VERTEX
The goal of this section is to demonstrate the complex nature of the wind turbine wake via a few examples and then to describe the approach employed to analyze the measured data, applied to two case studies, August 30 and September 20, 2016. The two case studies were chosen among the many wake events that occurred during VERTEX based on three criteria: first, they were fairly representative, since neutral conditions were prevailing during the campaign and winds were neither too strong nor too weak during the two cases; second, the reference period was easily identifiable in both case studies, which allowed for the comparison of wake vs. no-wake signals; and third the signal of the wake was statistically significant (i.e. mean differences of the vertical mixing properties between two sites during the wake event were larger in magnitude than the standard deviation of the same differences but without a wake). An in-depth analysis of all the VERTEX wake events will be presented in a subsequent paper.
VERTEX confirmed that wakes are complex, dynamic, and unsteady features. Analytical wake loss models, such as PARK or Larsen [see [88] for a review of wake loss models], assume that the wake is axis-symmetric and that it evolves along a straight line. During VERTEX, this was not observed often. Lidar scans indicated that the wind turbine wake can exhibit up to three types of motions simultaneously as it evolves downwind: meandering, looping, and swinging. Examples of the three motions are presented next.
Two cases of wake meandering are shown in Figure 6 , in which the wind turbine wake deviates to the left and to the right of its axis in the horizontal plane, not necessarily symmetrically, instead of evolving downwind over a straight line aligned with the wind direction [89] [90] [91] . Wake meandering can result from oscillations in the mean wind direction or from interactions between the hub vortex and the small scale vortices found in the wake shear layer and hub shear layer [37, 92] . As a consequence of meandering, there are moments when the wind direction recorded at the meteorological tower implies that one station is under the wake while the wake actually bypasses that station through a turn around that station. The maximum deviation angles from the direction of alignment with the wind direction during VERTEX were ±35 • .
In addition to this horizontal meandering motion, the wind turbine wake can evolve with a similarly looping motion but in the vertical [93] , moving up and down from its axis in the vertical plane (Figure 7) . While looping, a wake may become closer to a station and farther from another (in the vertical) than the same wake would if it were perfectly horizontal, thus potentially affecting the two stations differently. This phenomenon of looping was documented by lidar scans in [40] . When the looping wake hits the ground, the phenomenon is also known as 'wake reflection' [91] . Looping occurred infrequently during VERTEX.
Third, the wake can exhibit a swinging motion by which the direction of the wake axis varies (in time and range) while the wind direction near hub height remains constant, possibly due to yaw misalignment, uneven horizontal wind direction distributions, or changes in wind direction with height [94, 95] . For instance, a swinging wake was captured during the case study of 20 September 2016. Figure 8 shows the wind speed deficit associated with the wake, as depicted via the wake detection algorithm by Wang and Barthelmie [87] , and Figure 9 (a,b) shows the wind speed and the wind direction recorded by the meteorological tower during the same period of time. The wind direction measured at the meteorological tower (Figure 9(b) ) at the beginning of the first wake event ( ∼ 1:30 EST) is almost identical to that at its end ( ∼ 2:00 EST), while the lidar scans show a shift in the direction of the wake such that station S3 is no longer under the wake at approximately 2:00 EST (see Figure 8(b,c) ). The swing of the wake may also appear as a sudden shift in its direction at any distance downstream of the turbine as it moves downwind. For instance, at ∼ 1:30 EST (see Figure 8(b) ), the turbine wake made an abrupt turn to its left at a distance of approximately 10D downstream of the wind turbine (near station S11).
To summarise, the direction of the wake axis does not always coincide with the wind direction at hub height because of wake meandering, looping, and swinging. Hence, it is unlikely to have a credible evaluation of the wake position only based on the data collected by the meteorological tower without using lidar scans. Identifying whether a station is affected by the wind turbine wake is complicated even further by the dependence of the wake length on wind speed. Particularly at low wind speeds, the wake may have recovered before reaching a given station. The length of the wind turbine wake cannot be inferred using data recorded by the meteorological tower, which implies that lidar scans, preferably analyzed with a wake detection algorithm [87] , are necessary to assess whether the wake has recovered before reaching a station or not. To date, VERTEX is the only field campaign that took advantage of lidar scans to identify the presence of a wake to study the potential impact of wind turbine wakes at the surface.
Case study 1: 20 September 2016
Rain had occurred on and off during the prior day (19 September) and cloudy conditions persisted over night through the 20 th . Relative humidity at the SED tower was high, exceeding 95% at all levels, and temperature profiles were nearly constant during the entire night and day. Wind speed was relatively low ( ∼ 5 m s −1 at hub height) and a wake event was well captured by the lidar L1 (Figure 8 ). At 0:58 EST, neither the reference no-wake site S1 nor the wake site S3 was under the wake (Figure 8(a) ). Next, the wake started a swinging motion such that it was over S3 on and off for the next hour. At ∼ 1:30 EST, S3 was under the wake for about half an hour (Figure 8(b) ). Then, at 2:01 EST, the wake moved away from S3 (Figure 8(c) ), but at 2:33 EST the wake affected S3 for a second time (Figure 8(d) ) and moved away half an hour later.
Data measured at S1 (reference no-wake site) and S3 (wake site) during the case study of 20 September 2016 were analyzed to investigate whether or not the wind turbine wake enhances vertical mixing near the ground (Figure 9 ). Atmospheric stability was evaluated qualitatively based on time series of heat flux measured at station S13, which was never under any wake. Heat flux (w T ) was approximately zero during the entire case, consistent with neutral conditions (Figure 9(c) ). The average values of turbulence kinetic energy (TKE) and momentum fluxes (u w and v w ) over a period of 30 minutes before the wake event (1:00 to 1:30) were used as the reference values to evaluate the potential enhancement of these parameters over the two following wake events. During this reference time, stations S1 and S3 were both outside of the wind turbine wake, while the wind direction was very close to the wind direction during the wake events (Figure 9(b) ). In addition, during the reference period, the atmospheric stability remained the same as during the wake events (i.e. neutral).
The five-minute averages in Figure 9(d-f) show that the response to the arrival of the wake over site S3 is a reduction in the magnitude of TKE and the momentum fluxes. If vertical mixing was enhanced as a result of the wake, those parameters would increase in magnitude instead. To quantify these reductions, 15-minute averages were calculated using Equation 1, as recommended by Oncley et al. [84] , Trevino and Andreas [85] , and Vickers and Mahrt [86] . Following [11] , all differences in variable x, where x can be TKE, u w , or v w , were normalised as follows:
where M is the number of 15-minute intervals during the period of interest, which is either the reference period or the wake event, and the superscript 0 refers to the reference no-wake site (S1 in this case). Results for both case studies are summarised in Table 3 . The normalised TKE difference during the reference period was +0.13 (or +13%), which indicates that, in the absence of a wake, site S3 was experiencing higher TKE than the reference no-wake site S1 (Table 3) . During the next two wake events, the TKE difference was found to be −0.25 (or -25%). The fact that both values were negative indicates that TKE became lower, not higher, under the wake than outside of it, thus TKE was reduced under the wake.
Similarly, the normalised difference in the momentum fluxes was −0.20 and −0.08 (for u w and v w respectively) during the reference period, indicating that the wake site S3 was experiencing momentum fluxes whose magnitudes were lower than those at the reference no-wake site S1. During the first wake event, the magnitudes of the momentum fluxes at S3 became smaller (normalised differences were −0.39 and −0.33 for u w and v w respectively) and even smaller during the second wake event (−0.51 Table 3 . Normalised mean differences of turbulent kinetic energy ( TKE) and momentum fluxes ( u w and v w ) between the station under the wake S3 and the station outside of the wake S1. and −0.41), again suggesting a reduction of the flux magnitudes under the wake, not an enhancement.
Case study 2: 30 August 2016
There was no rain before or during the second case study on 30 August 2016, although relative humidity was still high throughout the episode (starting out at ∼ 95% and eventually reaching ∼ 85% during the wake event). At the SED meteorological tower, air temperature profiles were nearly constant, varying by less than 0.5 • in the vertical (not shown), and wind speed at 49 m was 3-5 m s −1 . The wake of the turbine is evident in the lidar L1 scans ( Figure 10 ) and was even more dynamic than in the first case study, affecting sites S1, S2, and S3 throughout the entire night. The reference period (2:15-2:45 EST) was selected because none of them was under the wake (Figure 10(a) ). Like for the previous case, sites S1 and S3 were selected as the reference no-wake site and the wake site, respectively. The wake moved over site S3 at approximately 4:30 EST (Figure 10(b) ) and lingered there for about an hour and a half (Figure 10(c) ), to eventually move away at 6:00 EST (Figure 10(d) ). The relevant meteorological parameters measured at the SED tower and at the flux stations S1 (reference) and S3 are shown in Figure 11 . Since the heat flux was slightly negative and small in magnitude (Figure 11(c) ), this case is considered borderline between neutral and slightly stable.
As for the first case study, the normalised differences between the TKE and momentum fluxes at S1 and S3 were calculated using Equation 3 and are reported in Table 3 . During the reference period, the normalised TKE difference between S3 and S1 was -0.14, thus S3 was characterised by lower TKE than the reference site S1. During the wake event, however, TKE at S3 was reduced to the point that the normalised difference became -0.26 (still negative but larger in magnitude, indicative of even lower TKE at S3 than at S1).
Similarly, the differences in momentum fluxes (u w and v w ) varied from −0.24 and −0.27 to −0.46 and −0.59, which means that their magnitudes decreased after the arrival of the wake at site S3. As such, when site S3 was reached by the wake, the momentum fluxes at S3 decreased in magnitude and were therefore not enhanced by the wake.
Consequently, preliminary evidence from two wake case studies that were captured during VERTEX suggest that the wind turbine did not enhance vertical mixing near the ground because TKE and momentum fluxes were not enhanced, but were rather reduced, under the wake.
Summary and research opportunities
The VERTEX field campaign was conducted with the goal of better understanding the mechanisms by which wind turbines may impact surface properties, since the only explanation in the literature, namely enhanced vertical mixing, is not sufficient to explain the reported findings. This paper described the layout of the VERTEX campaign, the instrumentation used (i.e. 15 surface flux towers, a meteorological tower, two lidars, and a radiometer), the data cleaning procedure, and the wake detection algorithm that were utilised. The case studies of 20 September and 30 August 2016, which were characterised by neutral and near-neutral stability, were presented to demonstrate the complexity of the wind turbine wake and to present some of the procedures that will be employed to further analyze the measurements in a later study.
In VERTEX, the wind turbine wake was found to perform three complex types of motion -meandering, looping, and swinging -which made the task of determining whether or not a surface station was under the wake so challenging that visual inspection of lidar scans was necessary in addition to the traditional wake detection algorithm. The effects of the wake on turbulent kinetic energy and surface momentum fluxes was investigated in both cases and no enhancement in vertical mixing near the ground was observed. While the effect of humidity on turbulent mixing is known to be insignificant [96] , that on sensible heat flux and therefore on atmospheric stability is not. As such, since the Great Marsh was often characterised by nearly-saturated conditions, the frequency distribution of atmospheric stability during VERTEX may be more representative of near-or off-shore conditions than inland or arid conditions.
Future work includes the assessment of additional wake events captured during VER-TEX under neutral, stable, and unstable atmospheric conditions and a comprehensive statistical analysis of the observed changes in TKE, momentum and heat fluxes, surface temperature, and moisture throughout the entire VERTEX campaign. Next, large-eddy simulations will be carried out to properly account for the observed near-surface effects. Once the large-eddy simulations will be properly calibrated for a single turbine, the effects of overlapping wakes from multiple turbines, which is the typical condition in large wind farms, will be investigated numerically. It is possible that, although the wake of a single turbine may not interact with the ground routinely, the collective wakes from arrays of turbines in wind farms may interact with each other in ways that promote surface contact.
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